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and some of it’s applications
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Enters also into inclusive 
gluon production  in adjoint 
representation recently called
dipole gluon density

Impact factors from Feynman
diagrams in momentum space

F
2 
structure function – dipole factorization

In the momentum space

In the coordinate  space

wave function dipole cross section

Available already at NLO
G. Beuf, H. Hänninen, T. Lappi, H. Mäntysaari ‘20
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F
2 
structure function – kt factorization

In the kt factorization

In the dipole formalism

wave function
Dipole cross section

longitudinal momentum fraction of 
the photon carried by the quark

derived in the linear regime
Catani, Ciafaloni,Hautman ‘90

 

shifted quark momentum



The saturation problem: supressing gluons below Qs 

Kimber, Kwiecinski, Martin ‘01
Kwiecinski, Kutak '02
Nikolaev, Schafer '06

hadron's radius

Originally formulated in coordinate 
space
Balitsky '96, Kovchegov '99

Fit AAMQS ‘10

NLO accuracy
Balitsky, Chirilli '07

and solved 
Lappi, Mantysaari '15

collinear resummation and NLO

Ducloué, E. Iancu, A. H. 
Mueller, G. Soyez, 
D. N. Triantafyllopoulos ‘19

Solved b dependent 
Stasto, Golec-Biernat ‘02

with kinematic
corrections and b
Cepila, Contrares, Matas ‘18
 The momentum space BK equation for dipole gluon density 

solution of Balitsky-Kovchegov directly for 
dipole gluon density

Fit to F2 data
KK. Sapeta ’12 

Accounts for kinematical constraint,

Nonsingular parts of splitting function,
running coupling
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is a forward amplitude for 
scattering of a  color dipole on a target

From position space  to momenum space
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Momentum space BK

● two reggon wave function
● projection onto color singlets-pomerons
● assumption of factorisation
● neglecting momentum transfer in 
    linear part and TPV part 

Bartels, Kutak ‘07
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The TPV and BK equation 

Anticollinear pole dominates
TPV is 0  in  DLL

Bartels,Kutak '07

when k>>l 

For more recent studies see Motyka, Sadzikowski’14
Motyka, DIS 2022 talk
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Kinematical constraint 

off-shellness dominated by the transverse components

Kwiecinski, Martin, Sutton’ 96
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Kinematical constraint and BFKL
Deak, Kutak, Li, Staśto ‘19
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Nonsingular pieces of splitting
function

Kinematical effects i.e.
momentum of gluon dominated 
by it's transversal component

Running coupling

Phenomenological  prescription for resummming 
higher orders Kwiecinski, Martin, Staśto

From Kwiecinski, Martin, Stasto 
Phys.Rev. D56 (1997) 3991-4006 

KMS

KMS

KMS no constr  

KMS no constr  

DGLAP

DGLAP

X=0.001

x=10-5

See also
Hentschinski, Salas, Sabio Vera  ‘12
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MKS +nonlinearity

Kwiecinski, Kutak '02



  

Set of basic TMD’s for 2, 3 and 4 jets
 Bury, Kotko, Kutak ’18

For dijets see
Dominguez,Marquet,Xiao,Yuan ‘11



  

Set of basic TMD’s for 2, 3 and 4 jets
 Bury, Kotko, Kutak ’18

For dijets see
Dominguez,Marquet,Xiao,Yuan ‘11



Photon and jet at LHC

dipole gluon density + Sudakov form factor
strong saturation effects

Ganguli, van Hameren, Kotko, Kutak
in prepration

For hadrons see 
Benic, Garcia-Montero, Perkov’ 22



Djets at LHC

ATLAS ALICE

“Corrected” parton level
 PYTHIA + KATIE 



Dijets in DIS  

Related studies for dijet/dihadron at EIC

Back-to-back regime using MV model + Sudakov
L. Zheng, E.C. Aschenauer, J.H. Lee, B-W. Xiao, 2014 

Full CGC  calculations 
A. Dumitru, V. Skokov, 2018

H. Mantysaari, N. Mueller, F. Salazar, B. Schenke, 2019
F. Salazar, B. Schenke, 2020

R. Boussarie, H. Mäntysaari, F. Salazar, B. Schenke
JHEP 09 (2021) 178 

Y. Zhao et . Al 2105.08818

Marquet, Taels, Altinoluk, JHEP 06 (2021) 085

P.Taels, T.Altinoluk, G. Beuf, C.Marquet ‘22

 P. Caucal, F. Salazar, B. Schenke, T. Stebel, R. Venugopalan '23

A. Mueller, B-W. Xiao, F. Yuan, 2013

P. Kotko, KK. S. Sapeta, A. van Hameren, E. Zarow, EPJC

We do not take into account
linearly polarised gluons



  17

F
2 
structure function – kt factorization

In the kt factorization

In the dipole formalism

wave function
Dipole cross section

longitudinal momentum fraction of 
the photon carried by the quark

derived in the linear regime
Catani, Ciafaloni,Hautman ‘90

 

shifted quark momentum



Dijets in DIS – detailed kinematics 
vs approximate kinematics  

In preparation
Goda, Kutak, Sapeta



Instead of conclusions - CCSS evolution vs KS

BFKL +kc DGLAP- nonsingular subleading 
pieces of splitting function

NLO BFKL with subtractions

Li, Stasto ‘22



Back up



Back up

Maximally entangled proton and charged hadron 
multiplicity in Deep Inelastic Scattering and
 Diffractive Deep Inelastic Scattering



Partonic, dipole cascade
set of partons is described by set of dipoles
with fixed sizes ,Y is rapidity and is related to 
energy
 

depletion of the probability to find n dipoles
due to the splitting into (n + 1) dipoles.

the growth due to the splitting of (n − 1) 
dipoles into n dipoles.

BFKL intercept =
where

Kharzeev, Levin ‘17

Assumption

Mueller 95, Lublinsky, Levin ‘03

See for  in 1+1 density matrix and 2+1 
dimensional case inLiu, Nowak, Zahed ’22

See also Kovner, Levin, Lublinsky,
JHEP 05 (2022) 019;

See talk by Y. Liu
Natural object for equations with 
rapidity evolution variable



EE in Diffractive Deep  Inelastic Scattering

Y

proton’s momentum fraction carried
by the Pomeron

denotes the Pomeron’s momentum fraction 
carried by the quark interacting with the 
virtual photon

Bjorken x

y
0

size of rpidity gap

Analogous evolution equation as for non-diffractive 
case but Initial conditions are different and there is 
delay because of rapidity  gap.
Munier, Mueller  Phys. Rev. D 98, 034021 (2018)    

β

See also Peschanski, Seki’19 for entanglement in diffraction in p-p 

rapidity gap

H. Hentschinski, D. Kharzeev. K. Kutak, Z. Tu ‘23



Diffraction vs. nondiffraction

H1 detector



EE in DDIS

We constrain the parameters at 
low values of β by fit to diffractive pdfs 

For large invariant mass M 
X
 or small values of β of the

diffractive system X, using factorization and the limit
of large number of colors, the diffractive system can be
described as a set of color dipoles.

M. Goharipour, H. Khanpour, and V. Guzey,
 Eur. Phys. J. C 78, 309 (2018)

Y

y
0

Pomeron
source of 
dipoles

H. Hentschinski, D. Kharzeev. K. Kutak, Z. Tu ‘23



EE in DDIS

Asymptotic or  maximal 
entangled region. All
configurations have the 
same probability

H1 data region 

High probability of configurations with few partons



EE in DDIS

Entropy of  hadrons calculated
using Gibbs entropy formula
 

 number of charged hadrons

Eur. Phys. J. C 5, 439 (1998)



Background
~ 0 pT  in Breit frame

Backup
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